Driven systems of interconnected blocks with stick-slip friction capture main features of earthquake processes. The microscopic dynamics closely resemble those of spiking nerve cells. We analyze the differences in the collective behavior and introduce a class of solvable models. We prove that the models exhibit rapid phase locking, a phenomenon of particular interest to both geophysics and neurobiology.
elements. Slowly driven by some external force, single elements discharge rapidly when they reach a trigger threshold, then become quiescent again. This activity may in turn stimulate neighboring elements. Prominent examples include earthquakes, avalanches, forest fires, colonies of flashing fireflies, and assemblies of spiking nerve cells. The corresponding models, although closely related on a formal level, exhibit distinct collective properties that range from systemwide synchronization [1] to self-organized criticality [2, 3] . Phase locking without global synchronization has been identified as an important borderline phenomenon between both cases [4, 5] and has been observed under various conditions [2 -12] .
In this Letter, a class of solvable models is introduced. The dynamics resemble those of previous earthquake models [2, 3, 7 -10] and integrate-and-fire neurons [1, 6, 11, 12] , and reduce to Abelian avalanches [8] in a limiting case. We prove that for nearest-neighbor couplings and periodic boundary conditions, the models rapidly relax to phase-locked solutions -the attractors are reached as soon as every element has discharged once. Next, we study the dependence upon initial conditions, coupling parameters, and boundary conditions. We then extend the class of interactions and discuss the connection with networks of spiking neurons. Finally, we outline implications for earthquake modeling and neural computation. For example, Olami, Feder, and Christensen [3] assume that block i has slipped to zero-stress position before block j starts to move. This implies that F~u sually exceeds Fth at the beginning of j's relaxation.
As an alternative, we consider the opposite extreme, where site j is reset as soon as Fth is reached. Accordingly, the fixed quantity o.F, h is redistributed. To account for the previous excess stress F~-F,h, a fraction y is accumulated by site j after the relaxation. If more than one site is unstable, a fixed update order is chosen as in [3] .
Without loss of generality, F,h is set to unity [14] . (1) and (2), and slow dynamics, (3), commute. The system is Abelian and equivalent to an avalanche model proposed by Gabrielov [8] . For y = 0, the stick-slip model of Feder and Feder [10] is recovered in the limit n = 1/4. The model of Ref. [3] is obtained if (2) is replaced by F""F"'"= F""+nF; . (4) If only a single site is relaxed at a time, (2) and (4) The result implies that every site fails exactly once in [t;",t~,"] and no site fails in (t~, "-P, tm;"). Since t "~w, this proves that in finite time t ", a limit cycle is approached in the sense that F; (t) = F; (t -P) for t ) t," (Fig. 1 In the limit n~0, (2) and (4) (Fig. 3) . The main slip frequency shifts from (1 -4n) ' to (1 -3n) ', demonstrating that the boundary strongly effects the collective behavior, a situation characteristic for extended driven systems.
Long transients and intermittency complicate quantitative numerical investigations.
Extensive simulations reveal that for small y (at least) sample averages exhibit self-organized criticality. As in Ref. [3] , the exponent 8 depends on u. For y = 0, it is B = 0.40~0.05 at n = 0.1 and 8 = 0.52~0.05 (see also [10] The comparison with Ref. [3] shows that minute details of the local dynamics can have a pronounced effect on the emergent behavior of nonequilibrium systems [27] . For open boundary conditions, replacing (4) by (2) leads from apparently chaotic trajectories to approximately phase-locked solutions. The oscillation frequency of these solutions is strongly influenced by the boundary conditions. Phase locking itself, however, appears to be a robust phenomenon in systems with fixed stress transfer. The results indicate that quantized pulses may play an important role for the rapid formation and long maintenance of metastable oscillations in pulse coupled systems.
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For uniform all-to-all couplings and y = 1, one recovers the Kuramoto model [6] , for y = 0, a variant of [1] ; (5) is not applied in [1] 3, 285 (1985) ; W. L. Ellsworth, Nature (London) 363, 206 (1993) . L. Knopoff, J. A. Landoni, and M. S. Abinante, Phys. Rev. A 46, 7445 (1992) . The structural stability of driven systems with continuous threshold elements is also discussed in [5] , [6] , and [8] .
